In the past decade, multi-national and multi-center efforts were launched to sequence prostate cancer genomes, transcriptomes, and epigenomes with the aim of discovering the molecular underpinnings of tumorigenesis, cancer progression, and therapy resistance. Multiple biological markers and pathways have been discovered to be tumor drivers, and a molecular classification of prostate cancer is emerging. Here, we highlight crucial findings of these genome-sequencing projects in localized and advanced disease. We recapitulate the utility and limitations of current clinical practices to diagnosis, prognosis, and therapy, and we provide examples of insights generated by the molecular profiling of tumors. Novel treatment concepts based on these molecular alterations are currently being addressed in clinical trials and will lead to an enhanced implementation of precision medicine strategies.
Introduction
With almost 1 million new cases per year, prostate cancer (PCa) is the most prevalent malignancy in men worldwide and causes about 300,000 deaths annually [1] . Age, ethnicity, and family history are established risk factors for the disease. Age is by far the most important one: Only 30% of all cases are diagnosed under the age of 65 years in the U.S. [2] , and the 10-year risk to develop PCa for men aged 30, 60, and 70 years is 0.01%, 4.8%, and 5.5%, respectively [2] . Lifestyle and environmental risk factors are also implicated in PCa, as evidenced by epidemiological data gathered in Western countries, in which the disease is more prevalent compared to other regions of the world, including data from migrant populations [3] . The higher incidence in African Americans compared to Asian Americans points to the existence of PCa-associated genetic risk factors [4] . Indeed, at least 100 common SNPs contributing independently to PCa risk have been identified across populations through genome-wide association studies [5] [6] [7] [8] [9] . More recently, a large-scale meta-analysis of genotypes from more than 140,000 men has identified 63 novel PCa susceptibility loci [10] .
Due to widespread screening for prostate specific antigen (PSA), early detection of PCa became possible. The majority of newly diagnosed cases involve localized (within the prostate) or regionally confined (spread into immediate surrounding tissue) tumors. In early stages of the disease, surgery and radiation can be curative with >99% 5-year relative survival [11] . However, about one-third of patients develop biochemically recurrent disease (rising PSA levels), which is treated with androgen harbored tightly correlated DNA methylation patterns of the most variable CpG sites. One of four generated methylation clusters was almost exclusively associated with the presence of the ERG fusion, while a CpG island methylator phenotype was attributable to IDH1-mutant tumors. Twenty-six percent of tumors remained unclassified, suggesting that their development had been driven by unknown molecular events, or a unique combination of genetic alterations. Indeed, in a larger sequencing cohort of 1013 local non-indolent PCa tumors, a total of 97 additional putative driver genes were reported to be mutated at frequencies below 3% [21] . Although the roles of these genes in PCa are still awaiting validation and functional analysis, their presence argues for the existence of a certain landscape of PCa characterized by low-frequency driver mutations. Because of the prevalence of the disease, even these low frequency mutations can potentially be useful for patient stratification. and harbored tightly correlated DNA methylation patterns of the most variable CpG sites. One of four generated methylation clusters was almost exclusively associated with the presence of the ERG fusion, while a CpG island methylator phenotype was attributable to IDH1-mutant tumors. Twentysix percent of tumors remained unclassified, suggesting that their development had been driven by unknown molecular events, or a unique combination of genetic alterations. Indeed, in a larger sequencing cohort of 1013 local non-indolent PCa tumors, a total of 97 additional putative driver genes were reported to be mutated at frequencies below 3% [21] . Although the roles of these genes in PCa are still awaiting validation and functional analysis, their presence argues for the existence of a certain landscape of PCa characterized by low-frequency driver mutations. Because of the prevalence of the disease, even these low frequency mutations can potentially be useful for patient stratification. 
ETS Fusion-Positive Prostate Cancer
Genomic rearrangements resulting in the androgen-driven expression of ETS family members represent the most recurrent molecular alteration in the PCa genome. Such gene fusions are clonal and considered to be early events in PCa development [22, 23] . TMPRSS2 and SLC45A3, which are normally regulated by the AR in the healthy prostate, are the common 5′ fusion partners of ETS genes. The current model for the initiation of the fusion event involves the introduction of double-strand breaks (DSBs) by liganded AR to specific AR binding sites. In the presence of genotoxic stress such as inflammation or infection, the activated AR recruits DNA-associated enzymes generating DSBs, which are repaired through non-homologous end joining, yielding the translocation products [24] .
In PCa, the TMPRSS2:ERG (T2E) rearrangement on chromosome 21q is the most frequent variant among the possible gene fusion combinations. Despite the recurrent nature of this genomic alteration, ETS gene fusions alone are not sufficient to initiate tumorigenesis; other events such as PTEN loss or phosphatidylinositol 3-kinase (PI3K)/AKT activation must concomitantly be present for cellular transformation to occur [25, 26] . ERG is a master transcription factor that interacts with several other cofactors to regulate the expression of target genes and modulate multiple biological processes that favor oncogenic transformation [27] [28] [29] [30] . ERG induces the expression of the metalloproteinase MMP3 
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In PCa, the TMPRSS2:ERG (T2E) rearrangement on chromosome 21q is the most frequent variant among the possible gene fusion combinations. Despite the recurrent nature of this genomic alteration, ETS gene fusions alone are not sufficient to initiate tumorigenesis; other events such as PTEN loss or phosphatidylinositol 3-kinase (PI3K)/AKT activation must concomitantly be present for cellular transformation to occur [25, 26] . ERG is a master transcription factor that interacts with several other cofactors to regulate the expression of target genes and modulate multiple biological processes that favor oncogenic transformation [27] [28] [29] [30] . ERG induces the expression of the metalloproteinase MMP3 and the plasminogen activator genes PLAT and PLAU, facilitating invasion of the T2E-positive PCa cell line VCaP [30] . In LNCaP T2E cell models, overexpression of the fusion resulted in the activation of the TGF-β signaling pathway and induction of epithelial to mesenchymal transition [29] . Moreover, by binding to the AR promoter region, ERG hinders AR-mediated, cell-specific differentiation of prostate cells [28] . ERG activation also perturbs the chromatin landscape of cells both in vitro and in primary tumors, which likely stems from the implementation of a T2E-specific transcriptional profile through co-option of other master transcription factors like HOXB13 and FOXA1 [31, 32] . Notwithstanding the compelling evidence for the functional effects of the T2E fusion in PCa cells, its role in PCa formation and progression in vivo remains unclear. A positive association between T2E and aggressive PCa-as measured by elevated serum PSA or PCa specific death-has been observed in several studies, suggesting prognostic utility [33] [34] [35] . However, other groups did not find such association [36, 37] .
Multiple studies indicate the diagnostic relevance of using a combined assessment of T2E with either urinary non-coding RNA prostate cancer antigen 3 (PCA3) or serum PSA levels [38, 39] (see below). Urinary T2E transcripts from a cohort with high serum PSA and recommendation for biopsy and/or prostatectomy correlated with tumor size, high Gleason score at prostatectomy, and upgrading of Gleason grade following prostatectomy [35] . In a cohort of 291 men with elevated serum PSA, who were candidates for active surveillance, a correlation was established between diagnosis and high concentrations of urinary T2E and PCA3 [40] . In a multicenter prospective study, assessment of urinary T2E in addition to PCA3 as predictive markers for PCa resulted in an increased detection sensitivity from 68% to 76% [41] . The same study also asserts that this dual marker approach could potentially reduce the number of men selected for prostate biopsy. In a radical prostatectomy cohort, significantly shorter times to recurrence were observed in patients with high T2E expression and elevated preoperative PSA [42] . Thus, there appears to be an opportunity for a better risk stratification strategy upon the addition of T2E and PCA3 to the standard of care approach. Indeed, diagnostic assays for T2E/PCA3 to predict high grade PCa in urine samples are in clinical use (Table 1) .
ETS Fusion-Negative Prostate Cancer
Missense mutations in SPOP (Speckle-type POZ protein) are the most common point mutations in PCa, occurring in 10% of primary and metastatic tumors [17, 18] . Loss-of-function SPOP mutations are mutually exclusive of ETS rearrangements, and SPOP-mutant tumors present distinct SCNA signatures, including CHD1 deletion and losses on chromosomes 6q and 2q [18] . The SPOP gene codes for the substrate recognition component of a CUL3-based E3 ubiquitin ligase, which modulates the DSB repair machinery in a manner similar to BRCA1 [43] . Expression of oncogenic SPOP-mutant F133V in a conditional mouse model with Pten null background resulted in the formation of prostate tumors, in part through activation of the PI3K/mTOR signaling and upregulation of a network of AR-associated transcription factors [44] . In zebrafish, SPOP-mutants were shown to favor the error-prone non-homologous end joining (NHEJ) pathway upon DSB induction leading to increased intra-chromosomal rearrangements and genomic instability [43] . Since cancer cells with defects in DSB repair pathways are particularly sensitive to poly (ADP-ribose) polymerase (PARP) inhibitors, the same study tested the potential synthetic lethality of SPOP inactivation with these drugs in vitro: siRNA-based downregulation of SPOP or ectopic expression of its inactive mutant forms indeed lead to decreased cell viability upon PARP inhibition with olaparib [43] . These findings suggest that SPOP mutations could potentially become indicators for a subset of PCa amenable to PARP inhibition therapy.
Recurrent mutations in the forkhead transcription factor FOXA1 gene are also found in primary PCa. FOXA1 targets include the AR gene, and consequently the transcription factor has been implicated in both AR-dependent and -independent roles in PCa oncogenesis [45, 46] . FOXA1 alterations in PCa are predominantly missense mutations located in the winged-helix domain of the protein. Those FOXA1-mutants preserve their DNA-binding capacity, which suggests that the functional impact of the mutations most likely stems from perturbed interactions with other chromatin-associating factors [18] . Interestingly, AR signaling activity was elevated in FOXA1-mutant primary tumors. This presents the possibility of using FOXA1 mutational status as an indicator of a favorable clinical outcome upon ADT, at least in the context of castration-sensitive primary tumors [46] .
IDH1-mutant tumors comprise a rare molecular subclass of primary PCa. The IDH1 gene encodes the cytoplasmic form of isocitrate dehydrogenase that, upon mutation, becomes impaired and results in a novel enzymatic function of α-ketoglutarate conversion to 2-hydroxyglutarate (2-HG) [47] . 2-HG is involved in multiple cellular processes including hypoxia, establishment of histone modifications, and DNA methylation. The resulting epigenetic dysregulation leads to aberrant gene expression in cancer. Moreover, it has been recently reported that 2-HG shed by cancer cells suppresses T-cell activity, which promotes immune surveillance evasion in the tumor microenvironment [48] . In the TCGA cohort, IDH1 R132 mutant tumors presented characteristics of early-onset disease, particularly lower SCNA burden and fewer genetic changes [18] . In gliomas and several hematologic malignancies, somatic IDH1 and IDH2 mutations have been associated with a characteristic DNA hypermethylation phenotype [49] . IDH1-mutant primary PCa tumors also manifested a similar phenotype, with levels of hypermethylation exceeding those of glioma or acute myeloid leukemia IDH1-mutant tumors [18] . PCa tumors with IDH1 mutations are potentially clinically actionable due to their apparent clonal properties, as well as the druggability of the enzyme with synthetic inhibitors and immunotherapeutics [50, 51] .
Cellular Processes Deregulated in Prostate Cancer
Beyond the class-defining genetic changes discussed thus far, primary PCa can harbor multiple mutations in genes involved in PI3K/AKT and RAS/MAPK signaling, and DNA repair pathways [18, 21, 52] (Figure 1 ). The PI3K/AKT pathway is crucial for the regulation of cell proliferation, survival, and invasion. Aberrant activation of this pathway is found in 25-70% of PCa cases [52] . In addition to chromosomal loss and truncating mutations in the tumor suppressor PTEN, multiple activating genes of the PI3K pathway, including PIK3CA, PIK3CB, and AKT1, are mutated at low-frequencies [18] . More recently, oncogenic mutations in PIK3R1 and PIK3R2, which encode PI3K regulatory subunits, were also reported in a large PCa exome-sequencing cohort [21] .
The mitogen-activated protein kinase (MAPK) pathway has a central function in regulating cell proliferation. Although its hyperactivation in PCa is less established when compared to other tumor entities, activating mutations in genes of the RAS/MAPK pathway (e.g., KRAS, HRAS, and BRAF) have been identified in prostate tumors [18, 21] . BRAF-mutated PCa is of clinical interest due to its potential sensitivity to MEK inhibitors [53, 54] .
Inactivation of DNA damage repair (DDR) pathway genes via somatic mutations is a frequent event in localized and, even more, in metastatic PCa [55] . DNA repair can be classified as targeting either single-strand breaks (SSBs) or DSBs. SSBs are corrected by mismatch repair (MMR), nucleotide excision repair (NER), and base excision repair (BER) mechanisms, whereas DSBs are repaired by NHEJ and homologous recombination (HR). In primary PCa, the collective genetic alterations of genes involved in these pathways were reported to occur in 10-20% of cases [18, 21] . Most of these were found in BRCA1, BRCA2, ATM, CDK12, FANCD2, and RAD51C, all of which play crucial roles in the HR-mediated repair pathway. The HR repair is a high-fidelity process that requires a sister chromatid template, and thus is only active during the S and G2 phases of the cell cycle. Inactivation of MLH1 and MSH2, which are key MMR genes, is also observed at low frequencies in primary PCa [55] .
Current Molecular Biomarkers for Prostate Cancer Diagnosis and Risk Stratification
PSA screening was approved by the U.S. Food and Drug Administration (FDA) in 1994. Since then, the PSA test, together with digital rectal examination (DRE), has become the standard means for identifying men who should be recommended to undergo prostate biopsy. From the early 1990s until recently, PSA testing was implemented as a population-wide screening test in the U.S. [56] . The use of PSA testing continues to be controversial. While on one hand this diagnostic approach allows for accurate recruitment of patients for biopsy in the majority of cases, a considerable number of uncertain findings remain, leading to unnecessary initial and repeat biopsies, overdiagnosis, and overtreatment with inevitable side effects [5] . Consequently, the U.S. Preventive Services Task Force (USPSTF) indicated an age-dependent recommendation for PSA testing in men [57] . In addition, full disclosure of the advantages and drawbacks of the test must be given to the concerned individuals. This guideline aims to encourage individualized administration of the test and to promote a shared decision-making approach that might mitigate the aforementioned risks of population-wide screening [58] . The guidelines of the European Association of Urology-European Society for Radiotherapy and Oncology-International Society of Geriatric Oncology (EAU-ESTRO-SIOG) recommend PSA testing in men with elevated risk of PCa [59] .
Novel diagnostic biomarkers in blood and urine have been developed in recent years with the aim of augmenting PSA test results and guiding physicians in deciding which patients should undergo initial biopsy or re-biopsy ( Table 1 ). The non-coding RNA PCA3 is overexpressed in 95% of primary and metastatic PCa tissue samples [60, 61] . The FDA-approved PCA3 assay is performed by measuring PCA3 levels in the urine after prostatic massage and normalizing the value with PSA. The urine assay ExoDx ® prostate intelliscore (Exosome Diagnostics, Boston, MA, USA) is a reverse transcription quantitative polymerase chain reaction (RT-qPCR)-based test that measures urine exosome-derived PCA3 and T2E transcript levels [38] . The Mi-Prostate Score urine test (University of Michigan, Ann Arbor, MI, USA) applies the T2E gene fusion status in combination with PSA and PCA3 levels to a validated logistic regression model, generating the Mi-Prostate Score (MiPS), which provides improved PCa prediction with an AUC of 0.88, 90% specificity, and 80% sensitivity [62] . SelectMDx (MDxHealth, Irvine, CA, USA) is a post DRE-urine test that assays the mRNA levels of DLX1 and HOXC6. A low-risk SelectMDx score correlates with 90% probability of a negative diagnosis [63] . The 4Kscore ® Test (OPKO Diagnostics, Woburn, MA, USA) or the four-kallikrein panel is a commercially available prebiopsy blood test that is used in combination with clinical information (i.e., age, race, DRE, PSA, and family history) for predicting the risk of aggressive PCa after a biopsy is performed [64] . The test measures three different PSA isoforms: total (tPSA), free (fPSA), and intact (iPSA), and human kallikrein-related peptidase 2 (hK2). The Prostate Health Index (PHI, Beckman Coulter, Brea, CA, USA) is a FDA-approved quantitative kallikrein immunoassay that quantifies tPSA, fPSA, and [−2]proPSA (p2PSA) into a single numerical score (PHI score: p2PSA/fPSA × √ tPSA). It has been shown to improve PCa detection 3-fold compared with PSA testing alone [65] . The ConfirmMDx Prostate Cancer test (MDxHealth, Irvine, CA, USA) was developed to address false-negative biopsy histopathology concerns. This PCR-based panel quantifies methylated CpG islands of the tumor suppressor genes GSTP1, APC, and RASSF1. A meta-analysis revealed that GSTP1 is hypermethylated in up to 90% of PCa cases, and its specificity for PCa has been validated in multiple studies [66] . APC and RASSF1 serve as field effect markers that detect transformed cells beyond morphologically distinct foci [67] .
Risk assessment of PCa is of paramount importance for clinical management and treatment decisions. The standard risk stratification scheme incorporates clinical information including minimum of stage, grade, and PSA level to classify cases into five risk categories [68, 69] . Table 1 lists clinically validated molecular platforms used for PCa prognostication and risk stratification. NaDiA ® ProsVue TM (Beckman Coulter, Brea, CA, USA) is an ultrasensitive immuno-PCR assay that quantifies total serum PSA [70] . In a prospective-case cohort, the ProsVue PSA slope readout has been determined to be prognostic of clinical recurrence and PCa-specific mortality [71, 72] . In addition, four tissue-based molecular tests have been included in the 2018 National Comprehensive Cancer Network Guidelines for PCa [73, 74] . Decipher TM (GenomeDx Biosciences, Vancouver, BC, Canada) is a transcriptomic microarray that profiles the expression of 22 gene markers from formalin-fixed paraffin embedded (FFPE) prostate tissue. A Genomic Classifier (GC) score is generated based on the resulting expression signature. Higher GC scores correlate with tumor aggressiveness and patients with elevated scores were reported to experience earlier death from PCa [75] . Oncotype DX ® (Genomic Health, Redwood City, CA, USA) is a quantitative RT-qPCR based assay that measures the expression level of a panel of 12 PCa-related genes and 5 housekeeping controls from FFPE tissue samples. The numeric output of the test, termed Genomic Prostate Score (GPS), is associated with clinically aggressive disease [76, 77] . Prolaris ® (Myriad Genetics, Salt Lake City, UT, USA) is another quantitative RT-qPCR-based assay measuring the expression of a panel of 31 cell cycle-related genes and 15 housekeeping controls from FFPE tissue samples. From the resulting expression analysis, a cell cycle progression (CCP) score is generated wherein each unit increment corresponds to an expression level doubling, indicating poorer prognosis of the disease [78, 79] . The ProMark ® (Metamark, Cambride, MA, USA) test is a quantitative multiplex proteomics in situ imaging-based panel that assesses an 8-protein signature from FFPE biopsy tissue and generates a risk score [80] . Validation of the assay revealed significant correlation between the generated risk score with aggressive disease and lethal outcome [80, 81] . Although the liquid and tissue-based tests provide useful diagnostic and prognostic information, they have limitations: Mutational processes during tumor development result in extensive heterogeneity of PCa both within a tumor (intra-tumor) and between different tumors (inter-tumor).
Thus, there is a considerable risk of undersampling, which devalues the significance of most tissue-based biomarkers. Benign tissue close to cancerous lesions could also manifest molecular changes, and such field effects might affect the testing outcome [93] .
Prognostic Molecular Marker Signature in Prostate Cancer
Considering the low number of genetic changes with prognostic significance in primary PCa, a pioneering study used the entire PCa genome to generate a signature of molecular events correlated with disease relapse and patient survival [15] . This large-scale analysis utilized a cohort of localized, non-indolent PCa comprised of 200 whole genome and 277 whole exome sequences. A low frequency of single-nucleotide variants (SNVs) was found, with a median of 0.53 somatic SNVs per megabase. Only six genes (SPOP, TTN, TP53, MUC16, MED12, and FOXA1) carried coding mutation frequencies greater than 2%. In this study, T2E fusions were detected in 38% of the tumors, and localized somatic hypermutation events, particularly kataegis and chromothripsis, were observed in 20% and 23% of the samples, respectively. While kataegis was associated with Gleason score, and chromothriptic events increased in frequency with tumor size, both hypermutation events did not correlate with other clinical parameters. The DNA repair gene ATM was mutated in 1.75%, and the corresponding SNV was indicative of disease relapse. Moreover, in this cohort, an interchromosomal translocation event centromeric on chromosome 7 and an amplification of the MYC gene were predictive of biochemical recurrence. On the epigenetic level, hypermethylation of the transcriptional elongation regulator TCERG1L was associated with a poor clinical outcome. Finally, the multi-modal biomarker panel for disease relapse prediction generated from this meta-analysis (AUC = 0.83, concordance index = 0.79) was comprised of the tumor stage, ACTL6B and TCERG1L methylation, the chromosome 7 breakpoint, SNVs in ATM, and MYC CNA [15] .
An interesting insight gained from the same study is the prognostic impact of aberrant focal DNA methylation. The methylation status of selected genes was more tightly correlated with disease recurrence than other genomic characteristics: six out of the nine events that significantly associated with disease outcome pertained to DNA methylation status [15] . This observation is in line with several reports emphasizing the suitability of these epigenetic modifications as markers for early disease detection and outcome prediction [66, 87, 94] .
Treatment of Localized Prostate Cancer
To date, molecular markers have not yet altered the treatment concept in localized PCa. Expectant management, radical prostatectomy (RP), and radiotherapy are still the primary therapeutic options for men with localized PCa. Expectant management entails monitoring of the disease progression without undergoing therapy and can be further classified into watchful waiting and active surveillance. Watchful waiting involves treatment with palliative intent and is applicable to elderly or frail men with a high comorbidity [95] . For younger men diagnosed with low-grade (Gleason score of 6 or less) PCa, active surveillance is typically undertaken with the aim of delaying treatment onset and avoiding its side-effects until cancer progression. The patients are routinely monitored using serum PSA tests, prostate biopsies, and MRI [22] . RP is a standard treatment option for patients with localized disease (Figure 2 ). Due to potential risks associated with surgical procedures, the decision for surgery is taken in patients with a life expectancy of at least 10 years [96, 97] . External beam radiation therapy (EBRT), stereotactic body radiotherapy (SBRT), brachytherapy, and proton therapy are among radiation techniques performed to treat localized PCa [74] . Other local therapeutic strategies that may be clinically indicated are cryotherapy and high-intensity focal ultrasound (HIFU). Cryotherapy is a minimally invasive procedure, which aims to damage the tumor tissue by local freezing. HIFU uses ultrasonic wave transmission to induce tissue destruction through physical and thermal means [98] . Both local therapies are recommended by the National Comprehensive Cancer Network [74] upon disease recurrence post radiotherapy while the European Association of Urology-European Society for Radiotherapy and Oncology-International Society of Geriatric Oncology Guidelines still consider these procedures as fully experimental and should only be offered within clinical trials [59] . AR signaling is fundamental for prostate cell growth and survival, and inhibiting AR activation is part of the therapeutic repertoire against PCa. ADT is a common treatment for biochemically recurrent disease post local curative salvage options. ADT can be implemented chemically with luteinizing hormone-releasing hormone (LHRH, or gonadotropin-releasing hormone, GnRH) agonists or antagonists, or surgically through bilateral orchiectomy (Figure 2 ). Both treatment regimens can be augmented with AR blockade [12] . The rationale of ADT implementation post-RP and pelvic lymphadenectomy, but prior to detectable metastatic lesions, is based on the Eastern Cooperative Oncology Group (ECOG) study in which patients who underwent ADT, either by administration of the LHRH agonist goserelin, or by bilateral orchiectomy had improved survival outcomes compared with patients in the observation group (hazard ratio = 1.84) [99] . Currently, the utility of the AR antagonist enzalutamide, an inhibitor binding covalently to the ligand binding domain (LBD)-alone or in combination with leuprolide, a LHRH agonist-in a similar setting (i.e., high-risk localized PCa post RP and/or radiation therapy) is being assessed in the ongoing EMBARK study (NCT02319837) [100] . AR signaling is fundamental for prostate cell growth and survival, and inhibiting AR activation is part of the therapeutic repertoire against PCa. ADT is a common treatment for biochemically recurrent disease post local curative salvage options. ADT can be implemented chemically with luteinizing hormone-releasing hormone (LHRH, or gonadotropin-releasing hormone, GnRH) agonists or antagonists, or surgically through bilateral orchiectomy (Figure 2 ). Both treatment regimens can be augmented with AR blockade [12] . The rationale of ADT implementation post-RP and pelvic lymphadenectomy, but prior to detectable metastatic lesions, is based on the Eastern Cooperative Oncology Group (ECOG) study in which patients who underwent ADT, either by administration of the LHRH agonist goserelin, or by bilateral orchiectomy had improved survival outcomes compared with patients in the observation group (hazard ratio = 1.84) [99] . Currently, the utility of the AR antagonist enzalutamide, an inhibitor binding covalently to the ligand binding domain (LBD)-alone or in combination with leuprolide, a LHRH agonist-in a similar setting (i.e., high-risk localized PCa post RP and/or radiation therapy) is being assessed in the ongoing EMBARK study (NCT02319837) [100] .
Molecular Alterations and Current Therapy of Advanced Prostate Cancer

Seeding of metastases from the prostate to other parts of the body-most commonly to lymph nodes, bones, or lung-characterize advanced PCa [101] . Once PCa progresses to the metastatic state, therapy shifts from a localized approach into systemic chemotherapy and/or ADT (Figure 2) . Administration of systemic therapies is currently still non-discriminative, that is, without prior patient stratification, and the optimal sequence and combination of treatments is still empirically determined, since large, randomized clinical trials addressing these parameters are lacking to date [102] .
Docetaxel (first-line) and cabazitaxel (second-line) are taxanes that induce cell cycle arrest and disrupt nuclear translocation of AR by binding to and stabilizing microtubules [103] . Radium-223 ( 223 Ra) is an α-particle emitter that selectively binds to osteoblastic PCa bone metastases. In comparison with a placebo group, 223 Ra therapy increased median survival by 3.6 months and retarded the time to first skeletal-related lesion by 5.8 months [104] . A phase 3 clinical trial showed that Sipuleucel-T, an autologous cellular immunotherapy, provided overall survival benefit to patients with metastatic CRPC (mCRPC) [105] . Skeletal-related events are essential considerations upon treatment of mCRPC patients. Zoledronic acid, a highly potent inhibitor of osteoclast-mediated bone resorption, is the most established preventive therapy for men with recurrent and metastatic PCa [106] . Multiple clinical studies have shown that in comparison to zoledronic acid, denosumab, a fully humanized antibody targeting the receptor activator of nuclear factor κ-B ligand (RANKL), is a superior osteoprotective agent in mCRPC patients [107] [108] [109] . However, it remains unclear whether these drugs lead to improved overall patient survival [110] .
In mCRPC, the most prominent genes affected by CNA are the AR (~63%) and the tumor suppressors TP53 (~53%) and PTEN (~40%) [16] . Mutations in ATM (~7%), BRCA1/2 (~14%), AR, and TP53 are more frequent compared to primary PCa [18] . About 18% of advanced PCa cases harbor alterations associated with the WNT pathway, including hotspot mutations in CTNNB1 or recurrent alterations in APC, leading to increased WNT signaling [16] . Focal amplification of AR and its enhancer elements contributes to castration resistance and is recurrent in advanced PCa (Figure 1 ) [111] [112] [113] . Recent whole genome analyses of mCRPC also revealed tandem duplications proximal to the c-MYC locus, resulting in the deregulation of long non-coding RNAs responsible for post-translational control of the c-MYC protein [114] . Rs11672691 at 19q13, associated with aggressive PCa, was identified as part of an enhancer element synergizing with HOXA2 to enhance expression of CEACAM21 and PCAT19 and promote tumorigenesis [115] .
On average, advanced PCa harbors eight biologically relevant genetic aberrations in protein coding regions in addition to frequent copy number gains of 8q and losses of 8p, 13q, 16q, and 18q [16, 116, 117] . SNVs in potential driver gene fusions, driver homozygous deletions, and driver amplifications occur in 99% of mCRPC [16, 118] . Next generation genomic sequencing and mapping detected 34 large structural variants (SVs), each longer than 1 kilobase in length, with suggestive functional oncogenic relevance [119] . PTEN deficiency occurs in approximately 50% of CRPC and is associated with decreased time to metastasis and poor prognosis, making PTEN a prognostic factor in combination with other markers [120] . Patients with a PTEN mutation or deletion might benefit from PARP inhibitor therapies (see above)-due to deficiencies in homologous recombination [121, 122] -or combinational therapies with the AKT inhibitor ipatasertib and the anti-androgen abiraterone [123] .
Androgen Deprivation Therapy and Combined Androgen Blockade in Metastatic Prostate Cancer
ADT is considered to be a primary systemic therapy for men with metastatic PCa, as well as an adjuvant therapy concurrent with surgery or radiation therapy [74] . In 2015, the phase III CHAARTED and STAMPEDE clinical trials reported the effectiveness of the combined administration of ADT and docetaxel in hormone-sensitive metastatic disease [124, 125] . Following this, in 2017 the combination of ADT and the high-affinity irreversible cytochrome P450 17A1 (CYP17A1) inhibitor abiraterone with a glucocorticoid has been established as a new standard of care for patients with metastatic PCa based on the results of the STAMPEDE and LATITUDE trials [126, 127] . Abiraterone, enzalutamide, and apalutamide are hormonal agents that have had the largest impact in CRPC management. For both pre-and post-chemotherapy settings, administration of either abiraterone or enzalutamide resulted in improved overall survival in mCRPC patients [128] [129] [130] [131] . The next-generation androgen inhibitor apalutamide, which received regulatory approval in February 2018, significantly prolonged metastasis-free survival and time to tumor progression in non-metastatic CRPC [132] .
In the majority of cases, metastatic PCa eventually becomes unresponsive to ADT and progresses to castration resistance. CRPC can be mediated by (i) AR gene and/or AR enhancer amplification, leading to increased AR protein expression; (ii) AR-LBD mutations; or (iii) expression of AR splicing variant 7 (AR-V7) (Figure 1 ). Aside from gene amplification, AR protein overexpression in CRPC can be facilitated by tandem duplications of an enhancer element 650 kb upstream of the AR gene [112, 113] . Gene and enhancer amplifications maintain increased AR signaling even under reduced agonist availability. Mutations in the AR-LBD decrease AR responsiveness to anti-androgens, and the AR can be activated by non-canonical ligands such as estrogen or antagonist-agonist switching [133] . AR-V7 is strongly associated with CRPC [134] and can be monitored by isolating circulating tumor cells (CTCs) from liquid biopsies [135] . AR-V7 is a C-terminus-truncated splicing variant that mediates ADT resistance due to its lack of the AR-LBD. The response of CRPC patients to apalutamide, enzalutamide [136] , or abiraterone [128] indicates that castration-resistant tumors are still highly dependent on AR signaling and patients can benefit from continued ADT with increased dosage (Figure 2 ).
Novel Approaches to the Classification and Treatment of Advanced Prostate Cancer
DNA Repair
There is considerable interest in exploiting the potential vulnerabilities of cancer cells harboring loss-of-function aberrations in DNA repair genes (e.g., BRCA2, BRCA1, and ATM), which are mutated in approximately 20% of mCRPC [16] . In ovarian and breast malignancies, PARP inhibition therapy against tumors within this molecular subclass is already established, and this provides a strong rationale to challenge prostate lesions with a similar genomic profile. PARP1/2 enzymes detect SSBs and aid in coordinating the SSB repair response. Upon PARP1/2 inhibition, unrepaired SSBs eventually lead to DSBs that become lethal to cells lacking an intact HR repair response [55, 137] . To date, the most important application of olaparib, a pharmacological PARP inhibitor, in PCa has been in phase II clinical trials involving patients with advanced castration resistant disease [138] [139] [140] [141] . In TOPARP-A, the initial stage of the Trial of PARP Inhibition in Prostate Cancer (TOPARP, NCT01682772 [141] ) study, 50 patients received olaparib and were assessed for response to treatment according to Response Evaluation Criteria in Solid Tumors (RECIST), serum PSA decline, and/or reduction of CTC count. Among the 49 patients that could be evaluated, 16 (33%) responded to the treatment. A significant positive correlation between response and presence of mutations or homozygous deletions in DNA repair genes was identified using targeted exome sequencing [138] . The encouraging results of the TOPARP-A study led to a second trial (TOPARP-B), wherein patients were prospectively selected based on the presence of biomarkers predictive of olaparib response, particularly the genotypic status of BRCA2 and ATM. This ongoing study aims to validate the potential of olaparib treatment in patients with inactivating mutations in these commonly affected DNA repair genes, as well as to assess the sensitivity of patients with mutations or losses in other less frequently affected genes [55] . The role of the T2E gene fusion in advanced PCa is still controversial. Tumors harboring the gene fusion show a two-to five-fold increased frequency of mutations in the PTEN coding region [142] . PARP inhibitors enhance ETS-induced DNA damage, inhibit ETS transcriptional activity, and reduce ETS-activated invasiveness of PCa cell lines [143] . Since PARP1 is a required ERG cofactor, and PARP inhibition increases the susceptibility of PCa cells to low-dose radiation, ETS fusion-positive tumors might respond to treatment with PARP inhibitors in combination with radiotherapy. However, a recently concluded biomarker-stratified and randomized phase II multicenter clinical trial in mCRPC patients revealed that ETS-fusion status does not predict response to a combination therapy of abiraterone and veliparib, a PARP1/2 inhibitor [144] . Indeed, the clinical significance of this concept for targeted therapy requires further evidence [143, 145] .
Platinum-based interstrand crosslinking compounds are similarly being examined as therapeutic agents in advanced PCa. Alone or in combination with conventional chemotherapy, these agents have been tested in medium sized clinical trials and have shown moderate anti-tumor activity in molecularly heterogeneous patients [146] [147] [148] [149] . Significant toxicities have been reported for some combination therapies, however [150] [151] [152] , and for the oral compound satraplatin, further efforts in drug development were halted after a large phase III trial failed to improve overall survival in mCRPC [153] . There has been a revival of interest in platinum compounds in light of recent findings that DDR genes are frequently altered in advanced PCa [154] . Reflecting this are two ongoing clinical trials (NCT02311764, NCT02598895) on carboplatin administration in mCRPC patients with defects in DDR pathway genes [155, 156] .
Immune Checkpoint Inhibition
A hallmark of cancer cells is their potential to evade the immune response [157] . Five to twelve percent of mCRPC are associated with MMR deficiency, usually due to mutations in MLH1, MSH2, and MSH6 [16, 158] . The FDA-approved drug pembrolizumab, a programmed cell death protein 1 (PD-1)-targeting antibody, has shown clinical utility against malignancies with MMR defects, particularly in melanoma, non-small cell lung cancer, and colorectal cancer [159, 160] . Early phase II clinical trials in molecularly heterogeneous mCRPC patients reported response rates of 10-20% to pembrolizumab therapy [161, 162] . Furthermore, inhibitors of PD-1 ligand 1 (PD-L1) are in clinical trials for several advanced cancers [163] . PD-L1 belongs to the CD28/B7 superfamily and inhibits T-cell mediated immune response. Monoclonal antibodies against PD-L1 stimulate the immune system by increasing T-cell activation. When the tumor relapses under ADT, elevated levels of PD-L1 positive dendritic cells can be measured in the blood of mCRPC patients [164] . Increased PD-L1 levels were also observed by immunohistochemistry in mCRPC compared to primary PCa [165] . Further studies are needed to fully establish the relationship between PD-1/PD-L1 blockade response and genomic status, and to explore the clinical potential of immune checkpoint inhibitors in PCa (Figure 2) . Biallelic loss of CDK12, which codes for an expression regulator of DNA damage response genes, is enriched in mCRPC compared to primary PCa [166] . CDK12 alterations are mutually exclusive with other PCa drivers such as ETS fusions or SPOP mutations. Focal tandem duplications (FTD) of regions spanning cell cycle genes, and maintenance of BRCA1 or BRCA2 expression, characterize CDK12-deficient mCRPC. A recent analysis of 360 mCRPC samples revealed the impact of FTDs on neoantigen production in CDK12-deficient tumors, and this suggests immune checkpoint inhibitors as prospective targeted therapy for this class of mCRPC [166] .
Epigenetic Alterations
Bromo-and Extra-Terminal domain (BET) proteins are epigenetic readers of acetylated lysines. This protein family includes bromodomain 2 (BRD2), BRD3, and BRD4, all of which regulate gene expression of inflammatory factors and cell cycle genes [167] . A variety of diseases and cancers are linked to BET proteins [168] . BET inhibitors (BETis) are recently developed anti-cancer agents that function at the epigenetic level for treating different tumor entities. BETi application is also a way to indirectly inhibit the protooncogene c-MYC [169] . Amplification of the c-MYC locus or elevated expression levels promotes tumorigenesis of mCRPC [114, [170] [171] [172] . Furthermore, BETi JQ1 inhibits the recruitment of AR to its target loci by interrupting the physical interaction of BRD4 with the N-terminal AR domain. Thus, BETis act downstream of AR to inhibit androgen signaling and PCa progression [173, 174] . In preclinical settings, it has been shown that SPOP-mutant PCa cells are less responsive to BETi treatment. SPOP labels BRD4 for ubiquitination-mediated degradation and, consequently, SPOP-deficient tumors present elevated BRD4 levels. This overexpression explains how these tumors can tolerate BET inhibition [175] . One possible option to improve the outcome of BETi treatment in SPOP-mutant CRPC is a combinational therapy with AKT inhibitors to block the BRD4-mediated activation of AKT-mTORC1 signaling [176] . Currently, there are different BETis (ZEN003694 or OTX105/MK-8628) in clinical trials (NCT02705469 [177] and NCT02259114 [178] ) for CRPC and mCRPC (Figure 2 ).
Molecular Markers of Neuroendocrine Prostate Cancer
Small cell or neuroendocrine PCa (NEPC) is a highly aggressive subtype that arises in less than 2% of untreated cases (i.e., de novo NEPC) [179] . A highly similar histologic subtype has also been observed in tumors that have become resistant to AR-targeting therapy (i.e., treatment-emergent NEPC) [180] . NEPC is distinguished from prostatic acinar carcinoma by unique clinical and ultrastructural characteristics, as well as positive immunohistochemical staining for various neuroendocrine markers and polypeptide hormones [181] including synaptophysin (SYP), chromogranins A and B (CHGA, CHGB), neuron-specific enolase (NSE/ENO2), or neuronal cell adhesion molecule (NCAM1/CD56) [181, 182] . This PCa subtype is clinically defined by rapid disease progression, recurrent lytic bone lesions, frequent metastatic spread to visceral organs, and poor survival [183, 184] . It was initially assumed that NEPC developed from outgrowth of normal prostatic neuroendrocrine (NE) cells, promoted by the selective pressure of androgen-independent growth [185] . Current evidence, which is supported by clonal molecular events such as T2E gene fusion and TP53 mutations [186] [187] [188] , suggests a common origin of adenocarcinoma and NEPC. Furthermore, the extent of NE differentiation correlates with exposure to ADT and represents an adaptive clinical phenotype, which is of special significance considering the advent of novel and highly potent AR-targeted therapies [180, 189, 190] . Androgen-deprivation induced a neuronal morphology and expression of NSE and CHGA in LNCaP cells [191] . Concurrent loss of RB1 and TP53 is significantly increased in NEPC (~53%) compared to CRPC (~14%) [180, 192] , leading to enhanced lineage plasticity, which promotes a shift to a basal-like AR-signaling independent subtype and augmented metastasis. RB1 dysfunction causes deregulation of epigenetic factors, including SOX2 and EZH2. Combination therapy of EZH2 inhibitors with the anti-androgen enzalutamide significantly reduced tumor growth in mouse models compared to enzalutamide treatment alone [117] . Therapy with enzalutamide/abiraterone combined with an EZH2 inhibitor (CPI-1205) is currently being tested for patients with mCRPC ( Figure 2 , NCT03480646 [193] ).
Further molecular features of NEPC are attenuated AR signaling, decreased RE1-silencing transcription factor (REST) signaling [194] , elevated EZH2 levels [195] , and increased N-MYC and Aurora kinase A (AURKA) expression (Figure 1) . A recent analysis of 249 metastatic biopsies from 202 patients revealed a 17% prevalence rate of tumors presenting small cell features congruous with NEPC. Unsupervised clustering of transcriptional profiles in combination with histopathological evaluation and AR immunohistochemistry presented a wide spectrum of molecular alterations in NEPC. Deleterious mutations in DDR pathway genes identified via somatic targeted sequencing were almost absent in NE-positive tumors (p = 0.035) [196] , despite their enrichment in CRPC [16] .
AR deactivation promotes the expression of BRN2 (encoded by POU3F2), a neuronal transcription factor and a major driver of NE differentiation [197] . AURKA interacts with the transcription factor N-MYC, whose overexpression in LNCaP cells results in increased binding to the promoters of NSE and SYP [179] . In turn, AURKA inhibition reduced the viability of N-MYC-overexpressing LNCaP cells and induced tumor shrinkage in NE-tumor xenograft models, with concomitant decrease in SYP expression [179] . In a mouse transplantation model of human prostate basal epithelial cells overexpressing N-MYC, activation of AKT1 downstream of N-MYC was sufficient to induce NEPC as detected by positive immunohistochemical staining of NE markers (i.e., CHGA, SYP, NCAM1, and NSE) and concurrent abolition of the AR [198] . Detection of AURKA amplification and overexpression in primary PCa specimens suggests its potential as a marker to identify patients who are more likely to develop NEPC [179] . N-MYC overexpression reduces AR expression, and this could favor the development of an AR independent state [179] . Sustained N-MYC expression combined with AKT1 signaling is necessary for tumor maintenance. One approach to target N-MYC is by inhibiting the stabilizing AURKA to allow for the ubiquitination of N-MYC by the E3-ligase FBXW7 for proteosomal degradation [199] . Since CRPC and NEPC show increased abundance of AURKA [200, 201] (Figure 2) , the AURKA inhibitor alisertib is currently being assessed as therapy for mCRPC and NEPC in an ongoing phase II study (NCT01848067 [202] ).
Finally, another treatment option for NE tumors is peptide receptor radionuclide therapy (PRRT) using radioisotopes. PRRT is a personalized therapy in which cytotoxic levels of radiation are shuttled by a peptide to the tumor cells [203] . PRRT is currently in a clinical trial (NCT03042312 [204] ) for NEPC (Figure 2 ).
Summary
At the time of diagnosis, PCa frequently manifests as an organ-confined disease, and most tumors present indolent features [205, 206] . Nonetheless, a sizeable proportion of cases progress with highly variable clinical courses that often precede a lethal outcome. Integrative analyses of large-scale sequencing data from the TCGA and the International Cancer Genome Consortium (ICGC) have enabled a molecular taxonomy of clinically heterogeneous prostate tumors that can potentially be useful for patient stratification. Primary PCa can be broadly classified as to harboring ETS gene fusions, or mutations in SPOP, FOXA1, and IDH1, as well as other drivers at low frequencies. PCa progression is accompanied by deregulation of a number of biological processes including PI3K/AKT1 signaling, RAS/MAPK signaling, and DNA damage repair pathways. Advanced castration-resistant PCa is molecularly defined by genetic alterations converging on AR signaling. These alterations also rationalize the capability of CRPC tumors to tolerate androgen deprivation. In contrast, NEPC is characterized by an almost complete abrogation of AR activity. The molecular etiology of the NE subtype is presently unclear, but these tumors are characterized by overexpression of transdifferentiation markers and increased N-MYC activity through stabilization by AURKA.
In the future, molecular markers may complement PCa theranostics, in a manner similar to other tumor entities such as melanoma, colorectal, breast, and lung cancers [207] [208] [209] . Simultaneously, the broad spectrum of novel therapeutic targets recently reported in advanced PCa presents the possibility for personalized medicine strategies for patients with metastatic disease (Figure 2 ) [210] . Several promising treatment concepts including PARP inhibition and epigenetic therapy are currently being explored in clinical trials, and other options are likely to emerge in the next years. Not unexpectedly, the same projects that generated genomic, transcriptomic, and epigenomic stratification markers from thousands of patients have also corroborated the notion that PCa is a molecularly complex disease. Recent findings add novel perspectives to the underlying molecular and cellular processes in PCa development and therapy. A case-in-point is the current report that non-coding genomic alterations (e.g., structural rearrangements in cis-regulatory elements) in PCa and in other tumor entities play much more prominent roles in aggressive cancers than previously anticipated [112, 113] . Ultimately, functional characterization of these events will improve our current knowledge of PCa.
Despite the encouraging developments, current clinic-pathological criteria are still insufficient to accurately distinguish between indolent and aggressive PCa. The identification of biomarkers predicting clinically aggressive PCa and metastatic dissemination remains a challenge and should be a priority for future PCa genome research. 
